Introduction
============

Axially chiral compounds are widely spread in natural products and bioactive molecules,[@cit1] which are recognized as a type of privileged scaffolds for catalyst development, ligand design, drug discovery and materials science.[@cit2],[@cit3] Many remarkable endeavors have been made to develop strategies, such as dynamic-kinetic resolution,[@cit5] atroposelective coupling,[@cit6] cycloaddition,[@cit7] chirality conversion,[@cit8] and so on,[@cit9] for the construction of axial chirality.[@cit4] Central-to-axial chirality conversion often provides access to axially chiral compounds that are difficult to obtain otherwise, which has been used in the asymmetric synthesis of allenes,[@cit10] biaryl atropisomers[@cit8] and natural products.[@cit11] However, although it is an attractive strategy, only limited studies have been reported on it ever since Berson proposed this concept in 1955.[@cit8],[@cit12] In 2011, Thomson reported BF~3~--Et~2~O-triggered aromatization of 1,4-diketones for the preparation of biphenols with excellent enantioselectivities.[@cit13] Recently, Rodriguez and Bugaut have successfully disclosed the atroposelective synthesis of 4-aryl pyridines and 3-arylfurans with excellent enantioselectivities by this strategy.[@cit13b],[@cit13c] Sparr developed a remote central to axial chirality conversion to prepare biaryl silanes.[@cit13d] However, the previously reported examples focus on the construction of a single stereogenic axis, and no studies have been reported on the synthesis of five-six-membered N-heterocyclic atropisomers by this strategy. Moreover, the preparation of compounds with multiple configurational axes is a challenge in asymmetric synthetic chemistry,[@cit7b],[@cit9c],[@cit14] and to the best of our knowledge, the conversion of stereocenters to two axes is unprecedented.

N-Heterocyclic atropisomers are of particular interest for chemists due to the presence of a nitrogen atom that would exert steric and electronic effects during their bonding to substrates or metals; this makes these atropisomers ideal candidates for application as catalysts or ligands.[@cit3],[@cit15] Compared to the well-documented preparation of six-six-membered biaryl atropisomers, the construction of five-six-membered species is still a challenge in modern asymmetric synthesis.[@cit16] This is due to the fact that the increased distance between *ortho*-substituents adjacent to the axis dramatically reduces the conformational stability; this makes racemization easy to take place. Indole-based biaryl atropisomers including *N*-aryl, C(2)-aryl, and C(3)-aryl axial chirality are potential ligands and found in some natural products.[@cit17] In 2010, Kitagawa reported Pd-catalyzed hydroaminocyclization to construct indole *N*-aryl axial chirality.[@cit18] Later, Kamikawa, Takahashi and Ogasawara reported an enantioselective desymmetrising ring-closing metathesis strategy to prepare axially chiral indole *N*-aryl compounds.[@cit19] Very recently, Shi and Tan independently reported a well-designed chiral phosphoric acid-catalyzed asymmetric synthesis of indol C(3)-aryl axial chirality;[@cit20] Gu reported Pd-catalyzed dynamic kinetic intramolecular C--H cyclization to construct indol C(3)-aryl atropisomers.[@cit21] However, no studies have been reported on the synthesis of indol C(2)-aryl axial chirality. On the other hand, nonchiral indol C(2)-aryl phosphine has been utilized as a unique ligand for Pd-catalyzed cross-coupling reaction of aryl mesylates.[@cit22] Herein, we report an efficient method for the construction of benzoindole-based C(2)-aryl and C(2,3)-aryls atropisomers *via* a \[3 + 2\] formal cycloaddition and an oxidative central-to-axial chirality conversion reaction ([Scheme 1](#sch1){ref-type="fig"}).

![Central-to-axial chirality conversion in the synthesis of atropisomers.](c9sc00810a-s1){#sch1}

Results and discussion
======================

Inspired by the abovementioned elegant studies on central-to-axial chirality conversion and our previous study on the asymmetric \[3 + 2\] formal cycloaddition reaction,[@cit23] we envisioned that an enantioselective \[3 + 2\] annulation of 1-styrylnaphthols with azonaphthalenes followed by oxidative aromatization would generate benzoindole (C(2) position) naphthyl atropisomers. To achieve this goal, we needed to address the following issues: (1) accomplishment of a highly diastereoselective and enantioselective \[3 + 2\] annulation; (2) installation of suitable groups around the C--C axis to avoid free rotation; and (3) realization of efficient chirality conversion with enantioselective and diastereoselective control *via* the development of mild oxidation conditions.

With these challenges in mind, we initially evaluated the reaction between 1-styryl naphthol (**1a**) and azonaphthalene (**2a**) in the presence of a chiral phosphoric acid. After systematic optimization of the reaction conditions,[@cit24] the desired cycloaddition product **3a** was obtained in a 99% yield with exclusive diastereoselectivity and 99% ee using the chiral phosphoric acid **4** as a catalyst in CH~2~Cl~2~ at --30 °C for 36 h. We then examined the substrate scope of this \[3 + 2\] cycloannulation. As shown in [Table 1](#tab1){ref-type="table"}, substrates with the substituents Cl, Br, Me and *t*-Bu at the *para*-position or Br at the *meta*-position of the phenyl ring resulted in the desired products with excellent yields and enantioselectivities (**3a--f**, 98--99% ee). Substrates with substituents at the 6 or 7-position of azonaphthalene were well tolerated, and the corresponding *trans*-2,3-diarylbenzoindolines were obtained in excellent yields and enantioselectivities (**3g**, **h**, and **j** 99%ee). Substrates with substituents at the 6 or 7-position of the naphthol led to excellent enantioselectivities, diastereoselectivities and yields (**3i** and **k**, 99% ee). In addition, the reaction was applicable to azonaphthalene derivatives with different esters including benzyl (**3m**), methyl (**3n**), ethyl (**3o**), *n*-propyl (**3p**) and i-propyl (**3q**) esters. Not surprisingly, substrates with the substituents Me, Cl and Br at the *ortho*-position of the phenyl ring provided the desired products with excellent yields, diastereoselectivities and enantioselectivities (**3r--ab**, 93 ≥ 99% ee). The exact structures of **3j**, **3x** and **3ab** were also confirmed by X-ray crystallography, and the absolute configuration was identified as (2*S*, 3*S*)-**3j**, **x**, and **ab**.[@cit25]

###### Enantioselective \[3 + 2\] formal cycloaddition[^*a*^](#tab1fna){ref-type="fn"}

  -------------------------------
  ![](c9sc00810a-u1.jpg){#ugr1}
  -------------------------------

^*a*^Reactions were carried out with **1a** (0.15 mmol), **2** (0.1 mmol), **4** (0.01 mmol) and 3 Å molecular sieve (100 mg) in CH~2~Cl~2~ (2.0 mL) at --30 °C for 36 h. All dr \> 20 : 1.

Then, we emphasized on the construction of an axially chiral biaryl system by the chirality conversion strategy. To avoid the dearomatization side reactions, sulphonate derivatives were prepared from compound **3a**. Oxidation of triflate **3a** using DDQ in CH~2~Cl~2~ at room temperature provided the desired atropisomer **5a1** in quantitative yield but with poor enantioselectivity ([Table 1](#tab1){ref-type="table"}, entry 1). We proposed that a bulky substituent adjacent to the C--C axis may be helpful in chirality conversion and stabilizing the axial chirality. Thus, tosylate **3a** was prepared; indeed, the corresponding atropisomer **5a** was obtained with a significant increase in enantioselectivity (85% ee, entry 2) under the same reaction conditions. Satisfyingly, a measurable increase in enantioselectivity was observed by the slow addition of DDQ to CH~2~Cl~2~ (entry 3 *vs.* entry 2). Interestingly, the reaction temperature also plays an important role in this chirality conversion: higher reaction temperature leads to higher enantioselectivity (entries 3--5). The best result (97% ee) was obtained at 40 °C by the slow addition of DDQ (entry 6). Moreover, other solvents, such as DCE and toluene, were tested. DCE provided similar result at 60 °C (entry 7), whereas toluene led to only 77% ee (entry 8). Another oxidant *i.e.* MnO~2~ led to poor enantioselectivity (entry 9). In addition to the tosyl group, 4-bromobenzenesulfonyl is a suitable group for the construction of a stable atropisomer (entry 10). To investigate the configurational stability of these new atropisomers, thermal racemization was conducted.[@cit24] Compound **5a** displays excellent stability with a barrier to rotation of 151 kJ mol^--1^, and the half-life time of racemization was determined to be 460 000 years at 25 °C.

Once the optimized conditions were identified ([Table 2](#tab2){ref-type="table"}, entry 6), other substrates were examined. As shown in [Table 3](#tab3){ref-type="table"}, the substrates **3a--q** were well tolerated in this central-to-axial chirality conversion process, and the corresponding five-six-membered atropisomers were obtained with excellent yields and enantioselectivities (**5a--q**). The absolute configuration of **5a--q** was assigned as *aR* on the basis of the X-ray crystallographic structure of **5c**.[@cit25] The substrates **3r--ab** were also used to obtain vicinal biaryl benzoindole atropisomers bearing two stereogenic axes. Gratifyingly, the desired products **5r--x** containing the *ortho*-methyl group were obtained with excellent diastereoselectivities (all \> 20 : 1) and enantioselectivities (87--99% ee) under the newly developed optimal reaction conditions with higher reaction temperature in DCE ([Table 3](#tab3){ref-type="table"}). Not only methyl substituent at the *ortho*-position of the phenyl ring, but also chloride and bromide were suitable groups for the reaction and produced axially chiral products (**5y**, **5z**, **5aa**, and **5ab**) with excellent diastereoselectivities and enantioselectivities. The second chiral axis of compound **5x** also displayed good stability with a barrier to rotation of 126.6 kJ mol^--1^, and the half-life time of racemization was determined to be 28 years at 25 °C.[@cit24] Note that all halogen-substituted substrates were suitable for the conversion, exhibiting highly impressive performance (**5b**, **c**, **f**, **i**, **k**, **v**, and **x--ab**), which are appropriate substrates for synthetic transformations through cross-coupling reactions. The absolute configuration of **5r--ab** was assigned as (2*aR*, 3*aS*) on the basis of the X-ray crystallographic structure of **5aa**.[@cit25]

###### Central-to-axial chirality conversion[^*a*^](#tab2fna){ref-type="fn"}

  ![](c9sc00810a-u2.jpg){#ugr2}                                                
  ----------------------------------------- --------- ------------ ------ ---- ----
  1[^*c*^](#tab2fnc){ref-type="table-fn"}   **5a1**   CH~2~Cl~2~   r.t.   98   7
  2[^*c*^](#tab2fnc){ref-type="table-fn"}   **5a**    CH~2~Cl~2~   r.t.   98   85
  3[^*d*^](#tab2fnd){ref-type="table-fn"}   **5a**    CH~2~Cl~2~   r.t.   98   90
  4[^*d*^](#tab2fnd){ref-type="table-fn"}   **5a**    CH~2~Cl~2~   0      96   70
  5[^*d*^](#tab2fnd){ref-type="table-fn"}   **5a**    CH~2~Cl~2~   40     97   94
  6                                         **5a**    CH~2~Cl~2~   40     99   97
  7                                         **5a**    DCE          60     97   96
  8                                         **5a**    Toluene      60     97   77
  9[^*e*^](#tab2fne){ref-type="table-fn"}   **5a**    CH~2~Cl~2~   r.t.   95   45
  10                                        **5a2**   CH~2~Cl~2~   50     97   91

^*a*^Reactions were carried out with sulphonate-**3a** (0.2 mmol) in CH~2~Cl~2~, DDQ (0.4 mmol in CH~2~Cl~2~, 0.01 M) was added over 1 h by a syringe pump.

^*b*^Isolated yields.

^*c*^DDQ was added in one batch.

^*d*^DDQ (0.01 M) was added dropwise over 30 min.

^*e*^MnO~2~ (1.0 mmol) was used.

###### Scope of the central-to-axial chirality conversion[^*a*^](#tab3fna){ref-type="fn"}

  -------------------------------
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  -------------------------------

^*a*^Reactions were carried out under the optimal conditions for **3a--q** ([Table 1](#tab1){ref-type="table"}, entry 6); for **3r--ab**, DCE was used as the solvent at 80 °C; isolated yield by two steps; all dr \> 20 : 1 for **5r--5ab**.

We next conducted DFT studies to gain insight into the reaction mechanism and the origin of the high levels of chirality conversion observed. Tosylation of **3a** provided the compound Ts-**3a** as a 73 : 27 mixture of the conformational diastereoisomers (*sp*)-Ts-**3a** and (*ap*)-Ts-**3a** at 25 °C. There exists an equilibrium between two rotamers because different ratios of them can be observed by ^1^H NMR at various temperatures.[@cit24],[@cit26] The rotational barrier was determined to be 80.8 kJ mol^--1^*via* the 1D-EXSY experiment in C~2~D~2~Cl~4~ at 40 °C.[@cit24] Selective 1D NOE and 2D NOESY of Ts-**3a** have indicated that *ap*-Ts-**3a** is the minor conformer.[@cit24] Hence, the fundamental step of the process would be the deprotonation of the central chiral substrate (*ap*)-Ts-**3a**((*sp*)-Ts-**3a**), leading to the cationic intermediate **IM-A** (**IM-B**), wherein a central-to-axial chirality conversion simultaneously occurred. Upon *in situ* elimination of the other proton, the product **5a** (ent-**5a**) was generated. All calculations were performed with Gaussian 09. The geometries of all intermediates and transition states were optimized at the B3LYP-D3/6-1G(d) level, and energies were calculated at the M06-2X-D3/6-311++G(d,p) level with the solvation effect.[@cit24] Indeed, the potential energy of (*sp*)-Ts-**3a** was found to be lower than that of (*ap*)-Ts-**3a** by 0.3 kcal mol^--1^; thus, DDQ first coordinated with (*sp*)-Ts-**3a** to form a charge-transfer complex ([Fig. 1](#fig1){ref-type="fig"}).[@cit24] The steric effect between DDQ and Ts group in (*sp*)-Ts-**3a** is observable ([Fig. 2](#fig2){ref-type="fig"}). The charge transfer in the hydride transfer transition states **TS-A** was favored by 5.3 kcal mol^--1^ over **TS-B**. Moreover, the potential energy of the intermediate **IM-A** was found to be clearly lower than that of the intermediate **IM-B** by 10.3 kcal mol^--1^. These results indicate that the hydride transfer is the rate-determining step of the overall transformation, in agreement with the studies reported in the literature.[@cit27]

![Energy profile of the DDQ-mediated central-to-axial chirality conversion.](c9sc00810a-f1){#fig1}

![3D structures of the substrates and transition states.](c9sc00810a-f2){#fig2}

To demonstrate the utility of this method, a scale-up experiment was carried out. The desired product **5a** (2 mmol scale) was successfully prepared without losing any efficiency and enantioselectivity. The replacement of the Ts group with the more reactive Tf group was achieved by conventional transformation, and then, Pd-catalyzed coupling of this modified compound with Ph~2~P(O)H provided a diphenyl phosphine oxide product (Scheme S2[†](#fn1){ref-type="fn"}).[@cit24] Unfortunately, a measurable decrease in the ee value (from 99% ee to 92% ee) has been observed when the Ts group was removed, suggesting that a bulky group in the naphthyl moiety also plays an important role in the configurational stability of this scaffold.

Based on the central-to-axial chirality conversion strategy, we designed a new synthetic route for the preparation of benzoindole-based C(2)-naphthyl phosphine ligands. As shown in [Scheme 2](#sch2){ref-type="fig"}, compound **7**, bearing a bulky diphenyl phosphine oxide group, was prepared smoothly from **3a**, and the enantioselectivity was retained (99% ee). Direct oxidation of **7** provided a nearly racemic benzoindolenaphthyl atropisomer (\<5% ee); this indicated that the *N*-substituent was also crucial for this axial chirality. Thus, benzylation of **7** was conducted, and then, oxidation under our abovementioned optimized conditions resulted in the desired product **8** in a 90% yield with 99% ee. Finally, the reduction of **8** with HSiCl~3~ resulted in the formation of the new benzoindolenaphthyl phosphine ligand **9** (99% ee). The utility of this ligand was primarily demonstrated by an asymmetric allylation reaction between (*E*)-1,3-diphenylallyl acetate and dimethyl malonate. The desired product **11** was obtained in an 80% yield with 68% ee.

![Synthesis and application of the phosphine ligand **9**.](c9sc00810a-s2){#sch2}

Conclusions
===========

In summary, we developed the first construction of newly 2,3-diarylbenzoindoles in high yields and enantioselectivities using an efficient stepwise strategy, including chiral phosphoric acid-catalyzed \[3 + 2\] formal cycloaddition of 1-styrylnaphthols with azonaphthalenes and a DDQ-oxidized central-to-axial chirality conversion reaction. This constitutes the first stereoselective conversion of two stereocenters to two axes. Preliminary, mechanistic studies and DFT calculations indicate that the hydride transfer is the rate-determining step, and the more stable conformational atropdiastereomer is prone to undergo oxidation to form the more stable iminium cation during the central-to-axial chirality conversion reaction. Moreover, new chiral phosphine compounds can be prepared efficiently by this strategy, which is attractive for the development of novel catalysts or ligands. However, further investigations on the development of this new chiral phosphine ligand and its application in some asymmetric reactions are underway.
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